Epidemiologic research examines relationships between exposures and outcomes, with the ultimate goal of improving patient outcomes. To affect a change and improve outcomes, the relationships described must not only be causal, but modifiable (1). Numerous studies have described independent associations between AKI and subsequent CKD and mortality (2). The majority of these studies focused on one dimension of AKI, "severity," via the magnitude of peak rise in serum creatinine (2-4). Recently, some investigations have examined long-term outcomes associated with other dimensions of AKI including duration (5) and kidney function after peak (i.e., recovery) (6-8).
Epidemiologic research examines relationships between exposures and outcomes, with the ultimate goal of improving patient outcomes. To affect a change and improve outcomes, the relationships described must not only be causal, but modifiable (1). Numerous studies have described independent associations between AKI and subsequent CKD and mortality (2) . The majority of these studies focused on one dimension of AKI, "severity," via the magnitude of peak rise in serum creatinine (2) (3) (4) . Recently, some investigations have examined long-term outcomes associated with other dimensions of AKI including duration (5) and kidney function after peak (i.e., recovery) (6) (7) (8) .
Pannu and colleagues performed a retrospective analysis of 190,962 Albertans to assess the modifying effect of renal recovery on the relationship between AKI and long-term outcomes (9) . They found that participants who did not recover to within 25% of baseline GFR within 90 days of AKI were at higher risk for doubling of creatinine and ESRD, and for all-cause mortality. It is a well done study with several strengths. First, this is a large population-based study with appropriate inclusion/exclusion criteria, which limited selection bias. Participants were required to have serum creatinine measurement within 180 days before, $1 measurement during, and at least one measurement after hospitalization; only those who survived at least 90 days post-AKI were included in the analyses. Second, the AKI definition used for the primary exposure was appropriate (Kidney Disease Improving Global Outcomes stage 2). Third, the recovery definition was valid and sound (post-AKI creatinine value within 25% of baseline within 90 days, and sensitivity analyses performed using 10% increments to find the threshold for the association between recovery and outcomes). Finally, the dataset provided sufficient outcomes for robust analyses and multivariable adjustment, and there was adequate length of follow-up (median 3 years).
Unlike other studies that have examined the association between reversible AKI and long-term outcomes (6,7), Pannu and colleagues treated reversible AKI (instead of the non-AKI group) as the referent group for their analyses. In the follow-up period, 27% of those who did not experience AKI recovery developed doubling of serum creatinine/ESRD compared with 7.5% in those that recovered (adjusted hazard ratio of approximately 4). These data certainly quantify the public health effect of irreversible AKI in a broad, nonselected population. Because nonrecovery from AKI results in a substantial healthcare burden, these data can help clinicians make plans for follow-up with patients, their primary care providers, and nephrologists after discharge (10) .
The authors did not make any claims about causality in their paper. Looking forward, however, it is important to determine whether we can affect and improve these outcomes. Reiterating the above, the relationship between the exposure and outcome must be causal in order to modify risk. Are the relationships between AKI and long-term outcomes causal? Pannu et al. adjusted for several demographic characteristics, comorbidities, primary admission diagnoses, and resource intensity weights. Nevertheless, the "independent associations" described in the fully adjusted models may still represent a biased estimate of the true independent and biologically based relative risks. First, those with nonrecovery from AKI had a large "head-start" toward reaching the composite renal endpoint. An appropriate sensitivity analysis could have examined the relative risk of doubling of serum creatinine from this new baseline at 90 days post-AKI. Second, nonrecovery from AKI may be due to several nonrenal factors, such as congestive heart failure, chronic infection, and so forth. The re-assessment of kidney function 90 days after the hospitalization, without re-assessment of comorbidities, physiologic variables, and laboratory variables reflecting the severity of dysfunction of other organs (i.e., time-updated covariates), biases toward exaggerating the effect of the kidney on the outcomes, even if the kidneys are simply serving as a surrogate for the overall health status of the patient (see number 2 in Figure 1) .
Furthermore, examination of recovery versus nonrecovery from AKI does not answer whether it was AKI per se that was responsible for the increased risk of poor outcomes. Instead, those with reversible AKI versus those without AKI need to be compared. In this regard, several animal models suggest that one isolated episode of AKI that is completely reversible leads to CKD and renal fibrosis (11) . In this study, after full adjustment, the AKI-recovered group had 30%-40% higher risk for CKD and for death versus the no-AKI group (see Supplemental Table 2 in the article by Pannu et al.) (9) . This association is potentially confounded; patients that recovered from AKI versus no-AKI patients were sicker at baseline (older, more cardiovascular disease, heart failure, diabetes, malignancy, lower baseline GFR, higher Charlson Comorbidity Index score, and higher resource intensity weight). These variables, however, still do not completely capture burden of illness, because physiologic and laboratory variables were not included. Data on proteinuria, a potent risk factor for both AKI (12) and CKD progression (13), were lacking. Moreover, severity of illness is underestimated using diagnostic codes (14) , and cardiovascular disease prediction is improved by using variables such as hemoglobin A1C rather than diabetes status alone (15) . As evidence of the importance of granular data, it has been demonstrated that in patients with congestive heart failure, AKI that was induced by physician treatment (via aggressive diuresis, decongestion, hemoconcentration) was actually associated with improved outcomes (16, 17) , and those that experienced prompt improvement in kidney function (i.e., recovery from AKI) actually had worse clinical outcomes (18, 19) . The reason for these paradoxical associations may be due to the copious amounts of physiologic and laboratory data to identify different phenotypes of AKI in the studies by Testani et al. (16) (17) (18) (19) The bottom line is that the associations between acute change in kidney function and clinical outcomes most likely depend on factors that drive that change in GFR more than the change itself.
In observational studies using clinically available laboratory data, there is the possibility of differential misclassification of outcome due to ascertainment bias. Those with AKI had nearly twice the mean number of assessments of serum creatinine in the follow-up period (n525 in the group AKI versus n514 in the no-AKI group) (9) . The more something is tested for, the more likely it is that it will be detected (see number 3 in Figure 1 ). The composite renal outcome was subject to ascertainment bias because it was driven by doubling of serum creatinine (10%) and not ESRD (2%) (9) .
Moreover, distinguishing progressive CKD with intercurrent episodes of AKI versus AKI-induced CKD is difficult in observational studies. CKD is the most important prognostic factor for an AKI episode (12, 20) . Unless there is a prolonged ischemic event (e.g., cardiac arrest) with obvious acute tubular necrosis, teasing out the contribution of the episode of AKI toward further renal injury is nearly impossible. Underlying glomerulosclerosis and tubulointerstitial fibrosis heighten susceptibility to AKI from any stressor. Thus, causal directionality and temporality become intricately intertwined. Elucidation that AKI actually changed pre-AKI slope of declining GFR may provide insight into this enigma (21) . Few studies have determined the pre-AKI slope, and most instead adjust for the static pre-AKI GFR (see number 1 in Figure 1 ). One study that identified four different trajectories of kidney function decline before ESRD showed that AKI was more common in those with fast progression to ESRD, yet precipitants such as "hematologic malignancy," "other," and "unknown" were also much more common in fast progressors (22) .
The death outcome should be more valid than CKD, because death is not subject to ascertainment bias. The fully adjusted risk for death with no AKI was 0.69 (versus AKIrecovered), and it was also 0.65 in patients that had AKI Figure 1 . | Possible sources of bias and confounding in observational studies as demonstrated using two hypothetical subjects with AKI. eGFR, estimated GFR; CHF, congestive heart failure.
with "recovery status unknown" (9) . A naive epidemiologist would say, "Eureka! AKI-induced death can be ameliorated by not checking serum creatinine!" Clearly this is a flawed argument; instead, these data indicate that clinician intuition provided the strongest risk discrimination for poor outcomes among all the clinical variables captured. In another study of patients with reversible AKI, by far, the strongest predictor of post-AKI CKD was the variable "serum albumin test ordered during the 12 months before index admission date" (adjusted hazard ratio, 4.27; 95% confidence interval, 2.38-7.67) (6) . Given that ordering a test (creatinine and albumin, respectively) was overwhelmingly the strongest predictor of CKD and death in these studies demonstrates the degree of residual confounding that is not captured by variables in datasets. Remarkably, two other studies demonstrated that the association between reversible AKI and long-term mortality was abolished by using propensityscore based matching (7, 8) . Thus, the only way to definitively overcome these biases and residual confounding in observational datasets is to examine the association between AKI recovery and hard outcomes in randomized controlled trials (RCTs). Regrettably, a renal-specific therapy that effectively ameliorates AKI does not exist. Interestingly, chloride-poor intravenous fluids reduced AKI by nearly 50% in one study, yet there was no difference in mortality, length of stay, or ESRD (23) .
Although the notion that AKI will be a modifiable risk factor for long-term outcomes needs to be tested, many recent trials have generally indicated that moving the surrogate marker in the desired direction has not translated into consistent improvements in clinical outcomes. For example, although it has been dogma in the nephrology community that baseline proteinuria and treatment-induced changes in proteinuria are strongly associated with risk for CKD progression, recent large RCTs have not demonstrated improved clinical outcomes commensurate with reductions in proteinuria (24) (25) (26) . Moreover, years ago, nobody would have believed that raising hemoglobin would not have translated into improved clinical outcomes in CKD (27) . Dissociation between surrogate and hard outcomes have emerged for BP in patients with diabetes (28), GFR in CKD (29) , HDL for cardiovascular disease (30) , and fluidresuscitation for children with infection and poor perfusion (31). Because we do not know for certain whether the kidneys are the cause or the consequence of the "badness," we must acknowledge the uncomfortable possibility that prevention of an acute rise in serum creatinine and/or reduction in kidney injury via a kidney-specific therapy may or may not translate into meaningful improvement in clinical outcomes. If the kidneys are largely serving as an exquisitely sensitive barometer of systemic dysfunction, it is possible that expecting an AKI treatment to improve long-term outcomes is akin to expecting application of nail polish on the yellow fingernails of smokers to reduce risk of lung cancer.
In summary, the associations observed between AKI and CKD/mortality may be influenced by missing data on important confounders (pre-AKI GFR slope, physiologic and laboratory variables during the acute illness), data on comorbidities and organ function after the initial hospitalization (time-updated variables), and ascertainment bias (sicker patients have more assessments on follow-up). This is supported by the fact that physician judgment to assess serum creatinine in the follow-up period was the variable with the strongest association with long-term survival (9) . Thus, this important study by Pannu and colleagues allows us to better understand the burden of CKD after AKI that does not "appear" to recover. RCTs will be needed, however, to determine whether facilitating and enabling AKI recovery will translate into improved outcomes.
